Four metal complexes based on quinoline carboxylate ligand from 2-(pyridin-4-yl)quinoline-4-carboxylic acid (HL),
Introduction
Since Pt-based drugs play a significant role in antitumor chemotherapy, development of metal complexes possessing biological activities has been an active research field. 1, 2 The biological properties of metal complexes depend on the organic ligands and the nature of metal ions. Thereby, the combination of suitable metal ion as well as ligand is an important prerequisite for the construction of bioactive metal complex. 3, 4 Quinoline scaffold has been known for wide spectrum of biological and pharmaceutical activities, such as antimalarial, 5, 6 antitumor, 7, 8 antibacterial, 9, 10 and antiallergic. 11 Carboxyl modified heterocycle compounds are also excellent metal-binding compounds, which exhibit versatile coordination modes depending on reaction conditions and the nature of central metal ion. [12] [13] [14] In our earlier investigations, we have shown that dinuclear complexes of Mn(II), Co(II), Cd(II), and Zn(II) based on 2-phenylquinoline carboxylic derivatives HL 1 and HL 2 (Scheme 1) possess broad and effective antibacterial activity. 14, 15 These results prompted us to examine the controlling factors on the antibacterial activity of metal complex based on quinoline derivatives. In continuation of our work, this paper deals with the synthesis and characterization of four metal complexes, { {[ML 2 2 ] · 4H 2 O} n (4), derived from 2-pyridylinoline derivative 2-(pyridin-4-yl)quinoline-4-carboxylic acid (HL). The photoluminescent property and antibacterial assays over gram-positive and gram-negative bacterial strains are also presented in this manuscript.
Experimental Section

1. Materials and Instruments
All the reactions were carried out under air atmosphere. All chemicals and solvents used in the synthesis were reagent grade without further purification.
The IR spectra were taken on a Vector22 Bruker spectrophotometer (400-4000 cm -1) with KBr pellets. NMR spectra were measured on a Bruker AM 500 spectrometer. Elemental analyses for C, H and N were performed on a Perkin-Elmer 240C analyzer. Fluorescence spectra were recorded on a Hitachi F-4500 fluorescence spectrophotometer.
Synthesis of 2-(Pyridin-4-yl)quinoline-4-carboxylic Acid (HL)
A mixture of isatin (1.18 g, 8.00 mmol), 4-acetylpyridine (0.24 g, 2.00 mmol), and potassium hydroxide (2.24 g, 40.00 mmol) in 2 mL of ethanol and 18 mL of water was mixed and refluxed for 10 hours. When the reaction was finished, the orange solution was cooled to room temperature and adjusted to pH 5 with 1 M HCl. 
4. X-Ray Data Collection and Structure Refinement
Structure measurements of all the complexes were performed on Bruker Smart Apex CCD diffractometer equipped with graphite-monochromated Mo Kα with radiation wavelength of 0.71073 Å by using a ω-2θ scan mode. The collected data were reduced using the SAINT program. 16 Absorption corrections were applied using SAD-ABS program. 17 These structures were solved by direct methods and refined with the full-matrix least-squares technique using SHELXS-97. 18 Anisotropic thermal parameters were assigned to all non-hydrogen atoms. The solvent molecules O8 and O9 in complex 4 were disordered over two positions (50: 50 occupancy). The hydrogen atoms bonded to C were generated geometrically; while the hydrogen atoms of the water molecules were located from difference maps and fixed at their ideal positions with O-H = 0.85(2) Å, H···H = 1.44(2) Å and U iso (H) = 1.5U eq (O).
5. Bioassay Conditions
Four referenced bacterial strains, B. subtilis, E. coli, P. aeruginosa and S. aureus were selected. Streptomycin was used as a positive control. The IC 50 (half minimum inhibitory concentrations) of the test compounds were determined by a colorimetric method using the dye MTT (3-(4,5-dimethylth-iazol-2-yl)-2,5-diphenyl tetrazoliumbromide). Stock solutions of the synthesized compounds (100 μg/mL) were prepared in DMSO, and sequentially diluted with Mueller-Hinton medium. The antibacterial activities were evaluated by the method reported before. 14, 15, 19 The procedure of antimicrobial activity was given in detail in Supporting Information.
Results and Discussion
1. Synthesis and General Characterization
Complexes 1-4 were constructed from HL and the related metal salt under hydrothermal conditions. All of complexes are soluble in high polarity solvents.
HL was prepared via the Pfitzinger reaction. 14 Characterization of the ligand has been accomplished by IR, 1H NMR, and elemental analysis. The FT-IR spectrum for 
2. Crystal Structures of Complexes 1-4
The solid structures of complexes 1-4 were determined by single-crystal X-ray diffraction. The crystallographic and data collection parameters for complexes 1-4 are given in Table 1 ; selected bond lengths and angles are listed in Tables 2, 3 and S1, S2.
The result of single crystal analysis indicates that complexes 1-3 are isomorphous. They all crystallize in triclinic system, space group Pl -, therefore, the crystal structure of 1 is described in detail herein as the example. The ORTEP plots of 1-3 are shown in Figures 1, S1 and S2. There are half of the Mn(II) center, one deprotonated ligand L 1- , one coordinated water molecule, and one solvent water molecule in the asymmetric unit of 1. As depicted in Fig. 1 , the Mn(II) center is six-coordinated in pseudo-octahedral coordination geometry. The equatorial plane was defined by two coordination water molecules (O3 and O3 iii ), and two N atoms (N2 i and N2
ii ) from two different pyridine rings. The axial positions are occupied by the monodentate carboxylic O atoms (O1 and O1
iii ). The sum of the equatorial bond angles are 360.0(8)°, which ensures the planarity of the equatorial plane. The axial O1-Mn1-O1
iii bond angle of 180.0° clearly indicates the linear configuration. As shown in Table 2 4 ], the carboxylate group adopts a synsyn bidentate coordination mode. 14 As can be seen from Figure 2 , the Mn(II) cations are bridged by the carboxylate and pyridine group to form a double chain structure extending along the crystallographic [0-1 1] direction with the nearest intrachain Mn···Mn distance of 11.431(2) Å. In complex 1, the water molecules, acting as both hydrogen-donors and hydrogen-acceptor, play a crucial role in determining the supramolecular structure. First of all, the lattice water molecules are bond to the chain via O4-H4A···O2, meanwhile the intrachain hydrogen bonding interactions between the coordinated water molecules and the uncoordinated carboxylic O atoms are also observed (O3-H3B···O2). Such 1D chains are aligned side by side in the bc plane, and the adjacent chains are held together through interchain hydrogen bonds between the coordinated water molecules and the latticed water molecules (O3-H3A···O4) into a supramolecular layer (Figure 3) .
These supramolecular layers are stacked along the crystallography a axis as a -AA-fashion. The further O4-H4A···N2 interactions involving the latticed water molecules and the uncoordinated quinoline N atoms link these sheets into a three dimensional network (Figure 4).
Contrary to the formation of 1D infinite singlechains in complexes 1-3, a 3D polymeric architecture of complex 4 was built when AgNO 3 is used for the self-assemble reaction. Crystal structure analysis data reveal that 4 crystallizes in monoclinic system, space group Cc.
Two crystallographically independent Ag + ions, two deprotonated ligands L 1-, two coordinated water molecules and three solvent water molecules compose the asymmetric unit of 4. As illustrated in Figure 5 , the Ag1 and Ag2 coordination environments are distinct from each other. Ag1 is four-coordinated by two water molecules (O5 and O6), and two N atoms (N3 and N1) from two quinoline rings, forming a distorted tetrahedral geometry. However, Ag2 is three-coordinated with triangle coordination geometry surrounded by two pyridine N atoms (N2 and N4 i ), and one monodentate carboxyl oxygen atom (O4 ii ). The Ag-O bond lengths are in the range of 2.354(3)-2.441(4) Å, which all fall in the normal range and are in agreement with those values in the previous report. 21 The deprotonated ligand L 1-acts as bridging bidentate ligand in complexes 1-3 using the pyridine N and carboxylate O atoms. While L 1-displays two different coordination modes in complex 4. One kind of L 1-anion presents terminal bidentate coordination mode using the pyridine N2 and quinoline N1 atoms, keeping the carboxyl group uncoordinated. The coordination mode of the other kind of L 1-can be described as tridentate bridge, the pyridine N4, quinoline N3 and carboxyl O4 atoms are all involved in coordination.
In the structure of 4, the Ag2 cations are connected with three L 1-ligands to form 1D chain architecture, and the shortest Ag ··· Ag distance is 11.318(2) Å ( Figure 6 ). These one-dimensional chains are aligned in an -AB-fashion in the crystallographic ac plane, and are further connected together via Ag1-N1 and Ag1-N3 linkages to form the 3D microporous network with circular channels along c axis, in which the lattice H 2 O molecules are present (Figure 7).
Photoluminescence Properties of HL, 3 and 4
Photoluminiscence properties of the d 10 metal complexes 3 and 4 as well as the ligand HL in dimethylsulfoxide solution were measured. Their emission spectrum is shown in Figure 8 .
Upon excitation at 345 nm at room temperature, the ligand emits strong fluorescence centered at 402 nm, resulting from the ligand-centered (LC) π * -π and π * -n relaxations. 15 Compared with HL, in complex 3, a blue shift of 16 nm in the emission maxima and much weaker fluorescence intensity is observed. This is probably caused by the reduced π-π conjugated effect upon coordination to the Cd(II) and the non-coplanar arrangement in 3. The emission of complex 4 is blue shifted to 392 nm and the emission intensity is stronger than the ligand which may be ascribed to the increased rigidity of the framework. 15, 22 
4. Antibacterial Activities
In the present study, the in vitro antimicrobial properties of HL and its complexes 1-4 expressed as IC 50 are presented in Table 4 . Known antibiotic like streptomycin was used as control drug.
As shown in Table 4 , against the all tested bacteria, free ligand HL and complex 1 were inactive under the tested conditions. For 2-4, the introduction of metal ions on ligand is endowed with improved inhibition activity. Complex 2 shows its moderate activity towards gram-positive strain. Complex 3 exhibited an enhancement of antibacterial level against gram-positive strains among all the test compounds. The action of the test compounds 2 and 3 on gram-positive bacteria is better than that on gram-negative bacteria, which is the same as Co or Cd complexes based on HL 1 and HL 2 .
14,15 While the antibacterial activities observed for 1-3 are all poorer than the corresponding previously reported metal complexes derived from HL 1 and HL 2 , 14,15 which can be ascribed to the lack of chelate effect of the carboxylic ligand in 1-3. Ag(I) involved complex 4 exhibits activity towards gramnegative strain P. aeruginosa with IC 50 value of 6.74 μg/mL. This selective activity can be attributed to the nature of the Ag ion. 21, 23 
Conclusions
Chain like Mn(II), Co(II) and Cd(II) complexes and 3D network Ag(I) complex with the quinoline carboxylic ligand 2-(pyridin-4-yl)quinoline-4-carboxylic acid were synthesized and their crystal structures were determined. The ligand and its Cd(II) and Ag(I) complexes are luminescent with maximum emission wavelength at 402 nm, 386 nm and 382 nm, respectively. The compounds were screened for their antibacterial activity. The bioassay results indicate that Co(II) and Cd(II) complexes exhibit antibacterial activity against gram-positive bacteria B. subtilis and S. aureus, and Ag(I) complex exhibits antibacterial activity against P. aeruginosa. The present observations demonstrate that the modulation of antibacterial activity can be achieved by the coordination geometrical shape and the nature of the central atoms.
Supplementary Material
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